The transfer of genetic material among microorganisms has been known for almost 50 years (1) . Transduction (bacteriophage-mediated transfer [26] ) and conjugation (transfer by direct contact between donor and recipient cells [21] ) were later added to the original observation of transformation (uptake of extracellular DNA [53] ). More recently, mechanisms that facilitate physical changes within a genome (34) and their potential to expand metabolic functions (43) have been described. Together, gene transfer (between genomes [32] ) and gene change (within genomes [34] ) give the microbial genome an extraordinary plasticity.
The role of gene transfer and change in the ecology of microbial communities is an intriguing issue (41, 59) . Gene change and exchange are mechanisms that promote physiological diversity. The potential to alter metabolic functions is advantageous, because most microbes in nature live in changing environments. Moreover, genes that enable survival and proliferation in new and/or hostile environments (tolerance to antibiotics and toxic metals [55] , utilization of chemically complex growth substrates [13] , and colonization of plants [24] and animals [11] ) are often located on mobile genetic elements. Thus, gene change and exchange may play an important role in adaptation of microbial communities (13, 51) .
Investigations on the role of gene transfer in the ecology of natural microbial communities depend on the development of experimental approaches and methods to monitor gene flow in environmental samples. Achievement of this goal can be assisted by novel applications of molecular biological approaches to microbial ecology (20, 22, 38, 57 This approach is based on an understanding of the genetics and biochemistry of mercury resistance in bacteria (47, 55) and on our previous studies on acclimation of aquatic microbial communities to mercury (3, (5) (6) (7) . Mercury resistance is a detoxification mechanism whereby toxic mercurial compounds are converted to the less toxic volatile form, Hg°. It is specified by the mer operon, which encodes enzymes that transform Hg(II) and organic mercurial compounds to Hg°, a mercury transport system, and functions needed for the regulation of mer expression. The enzymes are OL and a mercuric reductase (MR), the gene product of merA. In bacteria with both merA and merB (carrying a broad-spectrum mer operon), organomercury is first degraded by the OL to Hg(II) and a reduced organic moiety, and Hg(II) is then reduced by MR (Fig. 1) . Bacteria that do not specify OL (carrying a narrow-spectrum mer operon) are resistant to inorganic mercury and a few organomercurials but can reduce only inorganic mercurial compounds. In the absence of OL, organomercurials can not be degraded and are therefore toxic (47, 55 Brassica napus (12) was prepared. The source of merB was pCT12, which is a recombinant plasmid containing a merR gene, the mer operator-promoter region, a truncated merA gene, and a merB gene from the broad-spectrum mercury resistance plasmid R831 (46) on a 1.6-kb EcoRV fragment (54) . This EcoRV fragment was cloned in an XhoI-digested pUC19 derivative (p#7) that contained the B. napus sequence. In pGTE15 the plant DNA brackets merB, and this cassette is bordered on one side by a portion of the pUC19 multicloning site. A second multicloning site was inserted in the single EcoRI site of pGTE15. The insert consisted of an 84-bp fragment containing most of the restriction sites of the multicloning site of pUC19 and pUC18, and it was formed by ligating PstI-digested pUC19 and pUC18 (35) in a mirror image orientation and by subsequent EcoRI digestion. The resulting plasmid, pGTE22, is a source for the merB-plant DNA cassette that can be conveniently cloned in a variety of DNA vectors (Fig. 2) .
Plasmid pGTE16 (IncW) was prepared by subcloning a HindIII-EcoRI fragment from pGTE15 to plasmid R388 (58) . Plasmids belonging to IncPl (pGTE26) and IncN (pGTE25) were prepared by subcloning the merB-plant DNA cassette on a BamHI fragment in plasmids RP1 (16) and pKM101 (28) , respectively. Although available restriction maps (29) suggest that bla would be inactivated by an insertion in the BamHI site of RP1, subsequent analysis indicated that both VOL. 59, 1993 (2) , and small plasmids in PAO1 hosts were visualized as described by Gonzalez et al. (15) . Large plasmids (>30 kb) in E. coli and PAO1 strains were extracted and visualized by a scaled-up modification of the alkaline lysis procedure (33), starting with 8 ml of late-logphase cultures.
Following the construction of recombinant derivatives of conjugal plasmids (i.e., pGTE16, pGTE25, and pGTE26 [ Fig. 2] ), the presence of plasmids was confirmed by growth on selective media, visualization of plasmids, and plaque formation following infection with male-specific bacteriophages PR4 and PRD1 (36) .
Conjugal transfer between pure cultures. Conjugations were performed on solid surfaces because the three conjugal plasmids studied here coded for a rigid pilus morphology and had been shown to be transferred at higher frequencies on plates as compared with broth matings (9) . Donor Transconjugants were enumerated by growth in the presence of antibiotics (resistances to which were encoded by the conjugal plasmid and the resident merA plasmid) and on medium with 50 p.M PMA (Table 2) . Initially, efficiency of transfer as determined by antibiotic selection was 3 to 4 orders of magnitude higher compared with that determined by PMA selection. Because all antibiotic-resistant transconjugants grew upon a secondary transfer to PMA medium, indicating the presence of active MR and OL, we assumed that expression of merA and merB in newly formed transconjugants was insufficient to overcome the toxicity of PMA. Preliminary experiments showed that the efficiency of selection on PMA was reduced because of the absence of prior induction of mer and the lack of an outgrowth period. It was therefore necessary to modify the mating protocol to include a 0.5-h incubation period in the presence of subtoxic, yet inducing, concentrations of Hg(II) (0.1 p.M) (55) Plasmids were transferred among E. coli and P. aeruginosa strains at similar efficiencies (10-1 to 10-2 transconjugant per recipient). The efficiency of interspecies conjugations between E. coli donors and P. aeruginosa recipients was approximately 1 order of magnitude lower (range, 10-2 to 10-) than that of intraspecies matings (data not shown). Our attempts to obtain stable donor strains of P. aeruginosa with pKM101 and pGTE25 were unsuccessful. These included conjugation from E. coli donors, transformation, and electroporation. The few Cbr clones of PAO1 that were selected did not transfer the plasmids to secondary recipients, and agarose gel electrophoresis analyses of DNA preparations showed no recognizable plasmid patterns. Apparently, similar to findings of Tardif and Grant (56), our IncN plasmids pKM101 and pGTE25 could not be stably maintained in P. aeruginosa.
Conjugal transfer to indigenous flora. Conjugations were performed under optimal conditions to evaluate our approach of detecting gene transfer from specific donors to indigenous bacteria. Conjugations were performed at least twice for each cross, using triplicate crosses for acclimated communities. Results (the means for CFU; standard errors were below 50% of the means) of one experiment for each plasmid are presented here (Table 3) .
Transfers from PAO1 donors were demonstrated for pGTE16 and pGTE26 (Table 3) . Transfer of pGTE16 was performed with an acclimated community that contained 1.0 x 103 Hg(II)-resistant CFU/ml and 5.1 x 101 PMAr CFU/ml (data not shown). These numbers represent an increase of 2 orders of magnitude over Hg-resistant and PMAC counts of control unacclimated communities. The efficiency of pGTE16 transfer was 4.5 x 10-2 transconjugant per potential recipient. This is approximately an order of magnitude lower than efficiencies observed in matings between PAO1 strains ( Table 2 ). All PMA) colonies were TP' and hybridized with the plant DNA probe, confirming their identity as transconjugants. Two colony morphologies, small (1 to 2 mm in diameter) cream colored and medium (3 to 4 mm) cream colored, were apparent among pGTE16 transconjugants. Two representative cultures of the medium-sized colonies were characterized as Pseudomonas spp. Although some PMAr strains were present in the acclimated community (see above), no PMAr colonies were detected following conjugations between PAO1(pGTE16) and an unacclimated community or in acclimated communities to which the donor strain was not added (i.e., background indigenous PMAr). The absence of PMAr colonies in control crosses following conjugation could be explained by the sensitivity of plating.
Transfer of pGTE26 was performed with an acclimated community that contained 1.8 x 103 Hg(II)-resistant CFU/ml (an increase of 2 orders of magnitude over control counts) and <10 PMAr CFU/ml. The efficiency of pGTE26 transfer was 4.8 x 10-3 transconjugant per potential recipient (Table   3) , almost 2 orders of magnitude lower than those recorded for transfer between pure PAO1 strains ( Table 2) . Donors were not enumerated in pGTE26 conjugations. The number of PMAr colonies in control crosses was below the level of detection. Transconjugants belonged to two colonial morphology groups, a spreading colony and a small cream colony. All were resistant to TC, CB, and KM, and all hybridized with the plant DNA probe. None of these colonies survived for further characterization.
High numbers of donors were employed in these experiments (Table 3) . Subsequent experiments have shown that at lower donor densities no conjugal transfer could be detected.
Two attempts to transfer pGTE25 to indigenous flora with E. coli JM109 as a donor were unsuccessful. Thus, determination of the efficiency of transfer of this plasmid awaits its stable inheritance in a suitable donor strain. Results showed that enumeration of transconjugants was not affected by the occurrence of background PMAr populations. PMA' bacteria are abundant in natural waters (55) , and they were enriched following exposure to Hg(II) in this study. However, only on one occasion were PMAr colonies selected in controls (conjugation with unacclimated communities and no donor addition) of an experiment employing PAO1(pGTE26) as a donor (data not shown). This background did not interfere with the estimation of conjugal transfer efficiency, because transconjugants were easily distinguished from background PMAT colonies by their antibiotic resistance patterns and by hybridization with the plant DNA probe, and the data could be normalized accordingly.
The approach described here could be used to study other gene exchange mechanisms as well as the role of gene change in the ecology of natural microbial communities. As such, it could have several applications in microbial ecology and environmental management.
It has long been suggested that gene transfer contributes to acclimation for the detoxification and degradation of pollutants (8, 51) . Although the central role of enrichment in acclimation cannot be disputed (10) , horizontal gene transfer may be a principal mechanism to promote metabolic diversity in acclimated communities. This question can now be addressed by looking at rates of degradation of compounds for which catabolic pathways are assembled following gene exchange. This principle could be used in the management of polluted sites by expanding the catabolic range of indigenous microbial communities. The idea of expanding catabolic functions by genetic manipulations is not new. It is based on observations suggesting that catabolic pathways evolved, at least to some extent, by genetic exchange (18, 30, 59 ). Catabolic pathways have been expanded and modified in vitro (31, 40, 42, 44) and in vivo (14, 23, 27 ). However, a major hurdle to using introduced bacterial strains (genetically modified or unmodified) is their inability to invade existing microbial communities (probably due to a competitive disadvantage [37] ). Thus, although inoculation as a means of bioremediation has been discussed for almost a decade (17) , very few examples of successful introductions are available. Directed transmission of genes encoding enzymes that would expand the substrate range of indigenous biodegrading populations may be a superior alternative to the introduction of specialized strains. The usefulness of this approach may be best suited to pathways for the degradation of recalcitrant xenobiotic organic pollutants (50) .
Another application of the ability to detect gene transfer in indigenous microbial communities is in assessing the risk of genetically engineered microorganisms (GEMs) in the environment. The prospect of using GEMs in environmental management raises the issue of gene transfer (17, 25 
